BACKGROUND/OBJECTIVES: Elevated plasma homocysteine has been linked to reduced mobility and muscle functioning in the elderly. The relation of methylenetetrahydrofolate reductase (MTHFR) 677C-T polymorphism with these associations has not yet been studied. This study aimed to investigate (1) the association of plasma homocysteine and the MTHFR 677C-T polymorphism with muscle mass, handgrip strength, physical performance and postural sway; (2) the interaction between plasma homocysteine and the MTHFR 677C-T polymorphism. SUBJECTS/METHODS: Baseline data from the B-PROOF study (n ¼ 2919, mean age ¼ 74.1 ± 6.5) were used. Muscle mass was measured using dual X-ray absorptiometry, handgrip strength with a handheld dynamometer, and physical performance with walking-, chair stand-and balance tests. Postural sway was assessed on a force platform. The data were analyzed using regression analyses with plasma homocysteine levels in quartiles. RESULTS: There was a significant inverse association between plasma homocysteine and handgrip strength (quartile 4: regression coefficient B ¼ À 1.14, 95% confidence interval (CI) ¼ À 1.96; À 0.32) and physical performance score (quartile 3: B ¼ À 0.53, 95% CI ¼ À 0.95; À 0.10 and quartile 4: À 0.94; 95% CI ¼ À 1.40; À 0.48) in women only, independent of serum vitamin B12 and folic acid. No association was observed between the MTHFR 677C-T polymorphism and the outcomes. High plasma homocysteine in the 677CC and 677CT genotypes, but not in the 677TT genotype, was associated with lower physical performance. CONCLUSIONS: Elevated plasma homocysteine concentrations are associated with reduced physical performance and muscle strength in older women. There is an urgent need for randomized controlled trials to examine whether lowering homocysteine levels might delay physical decline.
INTRODUCTION
Muscle tissue is progressively lost with aging, contributing to a decline in muscle strength. Muscle weakness and loss of muscle strength are risk factors of reduced physical functioning, increased fall risk and mortality. 1 Reduced physical functioning, muscle wasting and muscle weakening are thought to be multifactorial. Determinants include lifestyle variables, chronic diseases, genetic variables, inflammatory processes and hormonal changes. 2 One of the potential determinants is the amino acid homocysteine. Elevated plasma homocysteine concentrations have been associated with an increased fracture risk in the independently living elderly. [3] [4] [5] Increasing evidence from observational studies suggests that elevated plasma homocysteine concentrations are also associated with a decline in physical functioning in older persons, [6] [7] [8] [9] [10] [11] which might be mediated by a reduced muscle strength. 8, 11 Evidence of plasma homocysteine being related to a higher risk of falling and reduced balance is less convincing. 3, 6, 11, 12 In the metabolism of homocysteine, essential vitamins and enzymes include vitamin B12, folic acid and the enzyme methylenetetrahydrofolate reductase (MTHFR). A common genetic variation of the MTHFR gene is the replacement of cytosine by thymine (C-T) at base position 677. This single nucleotide polymorphism induces elevated homocysteine concentrations by a reduced enzymatic activity of MTHFR, particularly in the presence of suboptimal folate intake. 13 The MTHFR 677C-T polymorphism could be one of the factors leading to muscle weakness and performance decline in older persons by its homocysteine-increasing potential. At present, studies on the MTHFR 677C-T polymorphism and muscle characteristics, physical performance and balance are lacking.
In the current study, we examined (1) the associations of plasma homocysteine concentrations and the MTHFR 677C-T polymorphism with muscle mass, handgrip strength, physical performance and postural sway; (2) the interaction between plasma homocysteine and the MTHFR 677C-T polymorphism.
SUBJECTS AND METHODS

Study sample
This study was performed using baseline data of the B-PROOF study. B-PROOF is an acronym for B-vitamins for the PRevention of OsteoporOtic Fractures. The study design, population and data collection have been described elsewhere in detail.
14 In summary, B-PROOF is a multi-center, double-blind, randomized clinical trial on the efficacy of vitamin B12 and folic acid supplementation in the prevention of fractures in persons aged X65 years. In total, 2919 persons with elevated plasma homocysteine concentrations (X12 mmol/l) and serum creatinine p150 mmol/l were included in B-PROOF. For the current study, persons with incomplete data on confounders (n ¼ 91) or with serum vitamin B12 concentrations 4800 pmol/l (n ¼ 9) were excluded, resulting in a study sample of 2819 persons. The number of persons included in the analyses differed per outcome measure (Table 1) . The Medical Ethics Committee of Wageningen University approved the study and local feasibility was provided by the Medical Ethics Committee of Erasmus Medical Center and VU University Medical Center. All participants provided written informed consent. B-PROOF is registered with the Netherlands Trial (NTR NTR1333) and with ClinicalTrials.gov (NCT00696514).
Plasma homocysteine concentrations and MTHFR genotype
Participants were in fasting state, or had taken a light breakfast when blood samples were drawn. Homocysteine was assessed in EDTA plasma using HPLC at Wageningen University (intra-assay coefficient of variation (CV) ¼ 3.1%, inter-assay CV ¼ 5.9%), LC-MS/MS at Erasmus Medical Center (Waters, Etten-Leur, the Netherlands) (CV ¼ 3.1%), or the Architect i2000 RS analyzer at VU University Medical Center (Abbott Laboratories, Abbott Park, IL, USA) (intra-assay CV ¼ 2%, inter-assay CV ¼ 4%).
14 Cross-calibration of the assays revealed that the outcomes did not differ significantly. DNA was isolated from buffy coats for genotyping. Single nucleotide polymorphisms were determined using Illumina Omni-express array (Illumina Inc., San Diego, CA, USA). MTHFR polymorphism data were available in 2677 persons.
The outcomes
Body composition was measured using dual-energy X-ray absorptiometry (DXA) in a subsample of the study population (n ¼ 1 221, 42%) in two of the study centers. The Hologic QDR 4500 Delphi device (Hologic Inc., Waltham, MA, USA; used in VU University Medical Center) or the GE Lunar Prodigy device (GE Healthcare, Madison, WI, USA; used in Erasmus Medical Center) was used. As a measure of skeletal muscle mass (kg), the amount of fat-free soft tissue was calculated as the sum of the fat-free, bone-free mass of the arms and legs. 15 Muscle strength was operationalized by measuring handgrip strength (kg). Participants were asked to perform two maximum handgrip trials with each hand in standing position using a strain-gauged dynamometer (Takei, TKK 5401, Takei Scientific Instruments Co. Ltd., Tokyo, Japan). Handgrip strength was calculated as the average of the highest scores of both hands.
Physical performance was assessed using three different tests: (1) the walking test, that is, the time needed to walk 3 m, turn around and walk back as quickly as possible, (2) the chair stands test, that is, the time needed to rise from and sit down in a chair for five times without the use of arms, as quickly as possible, and (3) the tandem stand, that is, the ability to stand with one foot in front of the other for 10 s. Quartiles of the time needed to perform the walking test and chair stands were calculated. 16 The categories for walking were: score 0 (unable), score 1 (X9 s), score 2 (7-8 s), score 3 (6 s) and score 4 (p5 s); the categories for the chair stands were: score 0 (unable), score 1 (X15 s), score 2 (12-14 s), score 3 (10-11 s) and score 4 (p9 s). The tandem stand score was categorized as follows: score 0 (unable), score 2 (able to hold position for 4-9 s), and score 4 (able to hold position for at least 10 s). A total physical performance score (range 0-12, with a score of 12 representing optimal physical performance) was calculated by summing up the scores of the three different tests. The physical performance tests have been shown to be reliable and valid instruments to measure physical performance: A lower total score has been associated with an increased fall-and fracture risk, frailty and lower cognitive functioning. [16] [17] [18] [19] Postural sway was measured in a subsample of the study population (n ¼ 114) with a portable force platform (AccuSway System, AMTI, Watertown, MA, USA). Participants were instructed to stand quietly on the force platform with their feet comfortably spread for 30 s. This was done twice with eyes open and eyes closed. Medial-lateral and anteriorposterior sway of the center of pressure, as well as total length of the sway patterns, were reported.
Potential modifiers and confounders
Gender was regarded as potential modifier, because gender differences have been observed in the plasma homocysteine distribution, which might Homocysteine, physical performance and strength KMA Swart et al be caused by differences in fat-free mass. 20 Furthermore, the effect modification by serum creatinine was checked, as creatinine is a marker for muscle mass and renal function, therefore being a major determinant of plasma homocysteine. Potential confounders included gender and creatinine (if no interaction was found), age, years of education, study location, body mass index, current smoking status, alcohol use, physical activity, vitamin B12 and folic acid status.
Serum creatinine (mmol/l) was assessed using the Modular P analyzer (Roche Diagnostics, Indianapolis, IN, USA). Clinically used reference values of creatinine were p90 mmol/l in women and p104 mmol/l in men. 21 Educational level was assessed by recording the participants' highest level of completed education. This was converted into years of education (range 5-18). The study location (Amsterdam/Rotterdam/Wageningen) is the research center at which the participant was included in the trial. Body height was measured using a stadiometer. Body weight was measured on a calibrated balance scale. Body mass index was calculated as weight (kg)/ height (m) 2 . Current smoking status (yes/no) and alcohol use were selfreported. Alcohol use was categorized as 'never', 'light', 'moderate' and 'excessive'. 22 Total physical activity (min/day) was measured with the validated LASA Physical Activity Questionnaire (LAPAQ). 23 In serum, vitamin B12 and folic acid were measured using an electrochemiluminescence immunoassay on a Roche Modular E170 (Roche, Almere, the Netherlands).
Statistical analyses
Plasma homocysteine was categorized into gender-specific quartiles. Comparisons of baseline characteristics among quartiles of homocysteine and MTHFR genotype were carried out using w 2 tests for categorical variables, analysis of variance for normally distributed continuous variables, or Kruskall-Wallis for skewed continuous variables. Differences between sub-samples were compared using w 2 tests, t-tests or Mann-Whitney U tests. Hardy-Weinberg equilibrium of the genotype distribution was calculated with standard procedures of w 2 analyses. Linear regression analyses were performed. It was tested whether the interaction with serum creatinine and gender was significant (Po0.10). Adjustments were made for gender (if no interaction was found) and age. Other confounders were added to the model when they were associated with both plasma homocysteine or MTHFR genotype and the outcome (Po0.10). Serum vitamin B12 and folic acid were added to the fully adjusted model. P-values for trends across homocysteine categories were examined by including the quartiles as an ordinal variable. The assumptions of linear regression analyses were verified by evaluating normal probability plots of the standardized residuals. Next, the interaction between plasma homocysteine (quartile 1 and 2 versus quartile 3 and 4) and the MTHFR genotype was examined. Analyses of covariance were performed to calculate adjusted means per category. The data were analyzed using IBM SPSS Statistics 20 (SPSS Inc, Chicago, IL, USA). Significance level of the associations was set at Po0.05.
RESULTS
Baseline characteristics of the study sample are presented in Table 1 . Homocysteine quartiles according to gender are presented in Table 2 . Persons in the highest homocysteine quartile were older (Po0.01), had a lower serum vitamin B12 (Po0.01) and folic acid (Po0.01), and a higher serum creatinine (Po0.01), had lower handgrip strength and physical performance scores (Po0.01), had lower education (Po0.01) and were more frequently non-alcohol users (Po0.01) compared with persons in the lowest homocysteine quartile.
Association of plasma homocysteine with muscle mass, handgrip strength, physical performance and postural sway Persons with data on muscle mass (42% of study sample) were significantly younger (Po0.01), had a higher serum folic acid (P ¼ 0.01), a higher handgrip strength (P ¼ 0.01) and physical performance level (Po0.01), a lower body mass index (P ¼ 0.04), were more physically active (Po0.01), and used more alcohol (Po0.01) compared with persons without data.
Linear regression analysis identified serum creatinine as an effect modifier in the association of plasma homocysteine with muscle mass (P ¼ 0.04), whereas gender was not (P ¼ 0.60). In persons with normal serum creatinine, a lower mean muscle mass was observed in the second but not in the third or fourth quartile of homocysteine as compared with the first quartile ( Table 3) . P for linear trend across the four quartiles was not significant (P ¼ 0.41). Furthermore, in persons with high serum creatinine concentrations, no significant associations were observed (Table 3 ).
In the association of plasma homocysteine with handgrip strength, gender was identified as an effect modifier (P ¼ 0.03). Women in the fourth quartile of homocysteine had significantly lower handgrip strength as compared with women in the first quartile. P for linear trend was significant (P ¼ 0.02; Table 3 ). Additional adjustments for serum vitamin B12 and folic acid concentrations did not change the results.
In the association of plasma homocysteine with physical performance, a significant interaction effect between plasma homocysteine and gender was found (P ¼ 0.05). Women in both the third and fourth quartile of homocysteine had a significantly lower physical performance score as compared with women in the first quartile. The associations were independent of vitamin B12 and folic acid status (Table 3) . P for linear trend was significant (Po0.01). In men, no association was found (Table 3) .
Significant associations between plasma homocysteine and postural sway were not observed (data not shown). Association of MTHFR genotype with muscle mass, handgrip strength, physical performance and postural sway Next, we investigated whether the MTHFR 677C-T genotype was associated with muscle mass, handgrip strength, physical performance and postural sway. The genotype distribution deviated from the Hardy-Weinberg equilibrium (Po0.01). Among persons with 677TT genotype, plasma homocysteine concentrations were significantly higher (Po0.01) and serum folic acid concentrations significantly lower (Po0.01). The median plasma homocysteine concentration (interquartile range) was 14.2 (12.9-16.2) mmol/l in the 677CC genotype, 14.4 (13.0-16.6) mmol/l in the 677CT genotype and 15.0 (13.4-17.4) mmol/l in the 677TT genotype. The median serum folic acid concentration (interquartile range) was 19.4 (15.4-24.9) nmol/l in the 677CC genotype, 18.4 (14.7-23.8) nmol/l in the 677CT genotype and 16.5 (13.5-22.0) nmol/l in the 677TT genotype. The other characteristics were similar across the three genotypes. Significant associations with muscle mass, handgrip strength, physical performance (Table 4) or postural sway (data not shown), as examined by linear regression analyses, were not found.
Homocysteine-MTHFR genotype interaction Subsequently, we investigated the homocysteine-gene interaction for handgrip strength and physical performance. The interaction term of plasma homocysteine times MTHFR genotype was added to the model, and was significant for physical performance (P ¼ 0.04). No interaction effect was found for handgrip strength. Figure 1 shows the mean physical performance scores per genotype stratified by plasma homocysteine concentration after adjustment for confounding. Physical performance scores were significantly lower in persons with a high plasma homocysteine concentration in both the 677CC (Po0.01) and 677CT genotype (Po0.01), but not in the 677TT genotype ( Figure 1) .
DISCUSSION
This study demonstrates that in a population of older persons, higher plasma homocysteine concentrations were associated with lower handgrip strength and physical performance score in women. Higher plasma homocysteine concentrations were observed in persons with the 677TT genotype of the MTHFR gene, but this polymorphism was not associated with muscle mass, strength, physical performance or postural sway. Persons with high plasma homocysteine levels in combination with the 677CC or 677CT genotype, respectively, had lower physical performance scores, but this was not found in persons with the combination of high plasma homocysteine and the 677TT genotype.
Prior studies suggested a reduced physical functioning and accelerated mobility decline in older persons with elevated plasma homocysteine concentrations. [6] [7] [8] [9] [10] [11] The results of the current study consolidate this suggestion, as well as the suggestion that elevated plasma homocysteine is associated with reduced muscle strength. 8, 11 In addition, the observed gender interactions are comparable with results from an earlier study on homocysteine and physical performance from the Longitudinal Aging Study Amsterdam. 11 Furthermore, in persons with high creatinine, we did not find a statistically significant association with plasma homocysteine; in persons with low creatinine, only a statistically significant association was observed for the second quartile of homocysteine. The latter finding may be a coincidental one, as it Table 3 . Regression coefficients and 95% CI as measures of association of homocysteine with muscle mass, and handgrip strength, and physical does not seem biologically plausible that only the second quartile would be statistically significant. The lack of associations between plasma homocysteine and muscle mass is also congruent with our previous findings from the Longitudinal Aging Study Amsterdam. 24 Previous empirical support for the relation between MTHFR polymorphisms and physical performance is limited. The MTHFR 677C-T polymorphism in relation to the frailty syndrome was studied in the Women's Health and Aging Study in 4300 older women. 25 Frailty was defined by the presence of three or more frailty criteria including shrinking, muscle weakness, poor endurance, low physical activity and low walking speed. The MTHFR 677C-T polymorphism was not associated with frailty in older women. 25 In contrast, in a study among Caucasian families, other polymorphisms in the MTHFR gene were associated with lean body mass. 26 To our knowledge, our study is the first that analyzed MTHFR 677C-T polymorphism in relation to physical performance and muscle function in a large sample of older persons.
We showed that the MTHFR 677C-T polymorphism was not related to physical outcomes in older persons, in contrast to plasma homocysteine concentration itself. According to the principles of Mendelian randomization, 27 our finding that MTHFR 677C-T polymorphism is associated with elevated plasma levels, but is not associated with physical outcomes, might indicate that the association between plasma homocysteine and physical outcomes is not a causal relationship. This suggestion is supported by the homocysteine-gene interactions, that is, high plasma homocysteine concentrations in the 677TT genotype were not associated with physical performance, in contrast to high plasma homocysteine concentrations in the 677CC and 677CT genotype. If homocysteine itself is a causal factor, an association would be expected in all genotypes whenever plasma homocysteine concentrations are elevated, and especially in the 677TT genotype that is associated with higher plasma homocysteine concentrations. However, our results remain inconclusive, as the results in the 677TT genotype might have been compromised by a small sample size. Also, the effect of MTHFR on plasma homocysteine elevation was only modest, for example, 40% of the persons with the 677TT genotype were in the first or second quartile of homocysteine.
Previous studies suggested that the 677TT genotype induces an elevated plasma homocysteine concentration, particularly when the folic acid concentration is low. 13 We did not find such an interaction between genotype and serum folic acid in this study population (data not shown). This may have been caused by the fact that mean serum folic acid concentration was relatively high, and only a small subgroup was folic acid-depleted. Serum folic acid and vitamin B12 could not explain our findings, because both B-vitamins were not associated with the examined outcomes.
The physical performance score was 0.94 points lower in the highest quartile compared with the lowest homocysteine quartile. Two previous studies showed that a change score of physical performance of 1 point can be considered as clinically important in older persons. 28, 29 Although this meaningful change score reflects a change over time instead of a difference between groups, it can be used to indicate the relevance of our finding. Similar studies on handgrip strength have not been performed.
This study has some limitations. First, genotype data were not in Hardy-Weinberg equilibrium. This could be explained by the screening for an elevated plasma homocysteine concentration (X12 mmol/l) at the start of the study: B50% of the elderly who had provided informed consent were excluded because of too low plasma homocysteine concentrations. As the 677TT genotype is associated with elevated homocysteine levels, this could have resulted in an overrepresentation of persons with the 677TT genotype. Second, as a consequence of this screening, the range of plasma homocysteine was limited (X12 mmol/l), which might have reduced the power to show associations. This may have resulted in an underestimation of the reported associations. Third, selection bias may have attenuated the results on muscle mass, as persons who were willing to undergo a DXA measurement were, in general, healthier and more physically capable than those who did not want a DXA, because they had to be able to visit the research institution for an additional examination. Further, the use of two different DXA devices might have introduced a systematic bias. Because of the lack of a phantom for cross-calibrating DXA devices with regard to total body composition, we minimized this bias by adjusting for study location.
This study demonstrated that elevated plasma homocysteine concentrations are a determinant for reduced physical performance and handgrip strength in older women. Genetic analyses of the MTHFR polymorphism suggest that high plasma homocysteine may be a marker rather than a direct cause of low physical performance in older persons. Further support from randomized controlled trials is needed. As B-vitamin supplementation has been shown to be effective to reduce homocysteine levels, 30 it would be relevant to study whether B-vitamin supplementation can delay physical decline among the elderly. 
